CDKN1C is a cyclin-dependent kinase inhibitor and is a candidate tumor suppressor gene. We previously found that the CDKN1C protein represses E2F1-driven transcription in an apparent negative feedback loop. Herein, we explore the mechanism by which CDKN1C represses transcription. We find that adenoviralmediated overexpression of CDKN1C leads to a dramatic reduction in phosphorylation of the RNA polymerase II C-terminal domain. RNAi studies demonstrate that this activity is not an artifact of CDKN1C overexpression since endogenous CDKN1C mediates an inhibition of RNA Pol II CTD phosphorylation in HeLa cells upon treatment with dexamethasone. Surprisingly, we find that CDKN1C-mediated repression of RNA Pol II phosphorylation is E2F1 dependent suggesting that E2F1 may direct CDKN1C to chromatin. Chromatinimmunoprecipitation assays demonstrate that CDKN1C is associated with E2F1-regulated promoters in vivo and that this association can dramatically reduce the level of RNA Pol II C-terminal domain phosphorylation at both Ser 2 and Ser 5 of the C-terminal domain repeat. In addition, we show that CDKN1C interacts with both CDK7 and CDK9 (putative RNA Pol II CTD kinases) and that CDKN1C blocks their ability to phosphorylate a GST-CTD fusion protein in vitro. E2F1 and CDKN1C are found to form stable complexes both in vivo and in vitro. Molecular studies demonstrate that the E2F1/CDKN1C interaction is mediated by two E2F domains. A central E2F1 domain interacts directly with CDKN1C, whereas a Cterminal E2F1 domain interacts with CDKN1C via interaction with Rb. The results presented in this manuscript highlight a novel mechanism of tumor suppression by CDKN1C.
INTRODUCTION
The mammalian cell cycle is orchestrated by the activity of the cyclin dependent kinases (CDKs) and because of this they are considered important targets in cancer drug development (1) (2) (3) . A key G1 target of the CDKs is pRB, the protein product of the RB tumor suppressor gene, which in turn regulates the E2F family of transcription factors. Hypo-phosphorylated Rb binds to and converts E2F family members from potent activators of transcription to potent repressors (4) . In normal cells, Rb is phosphorylated by CDKs and then releases E2F family members. Freed E2Fs drive expression of genes essential for cell cycle progression and DNA synthesis. Excessive activation of E2F1 can also drive apoptosis, and thus, E2F1 may serve as an oncogene or tumor suppressor gene depending on context (5) . In the absence of functional Rb the ability of CDK inhibitors to restrain E2F-regulated transcription is greatly diminished. Because of this central role in cell cycle control the CDI/CDK/RB/E2F pathway is altered at some point in the vast majority of human cancers (6, 7) .
Because of their central importance the CDKs are tightly regulated enzymes. There are two families of cyclin dependent kinase inhibitors the CDKN1 and CDKN2 proteins. The CDKN2 proteins are smaller and directly target the kinase subunits of the cyclin-CDK complexes. They are primarily active against CDK4 with some activity toward CDK6. CDKN2A (p16) is the most well known member of this family. CDKN2A is commonly lost in human cancers, and thus, it is classified as a tumor suppressor gene (8) . The second group of CDK inhibitors are the CDKN1 proteins that includes CDKN1A (p21, WAF1, p21 CIP1 ) (9, 10) , CDKN1B (p27, p27 KIP1 ) (11, 12) and CDKN1C (p57, p57 KIP2 ) (13, 14) . These proteins recognize the cyclin/CDK complex rather than simply the CDK subunit and generally have a broader activity spectrum. Biochemically the CDKN1 family has been shown to bind and regulate a diverse group of cyclin dependent kinases, including G1-and Sphase CDKs (cyclin E-CDK2, cyclin D2-CDK4, and cyclin A-CDK2) and, to lesser extent, of the mitotic cyclin BCdc2 (13) . Structurally members of the CDKN1 family share a conserved Nterminal cyclin dependent kinase (CDK) inhibitory domain, whereas the Cterminal domains are highly divergent in structure (13, 14) .
Certain cyclin-dependent kinases can also regulate transcription directly independent of their role in cell cycle control. One important target of CDKs 7-9 is the C-terminal heptad repeat domain of RNA Polymerase II (15) . The CDK7-containing CAK complex is a component of the multi-subunit transcription factor TFIIH, which phosphorylates the serine 5 of the heptapeptide repeat of RNA polymerase II large subunit, thus promoting transcription initiation, promoter clearance and recruitment of the capping enzyme (16, 17) . CDK9 forms a complex with cyclin T, which preferentially phosphorylates Ser 2 of the heptapeptide repeat of RNA polymerase II large subunit promoting transcription elongation and recruitment of the 3' RNA processing activities (18) . The CDK8/cyclin C complex is also known to regulate RNA Pol II activity (19) . This manuscript is primarily concerned with CDKN1C, which will be referred to as its shorter name, p57, in most figures. CDKN1C is maternally expressed and partially paternally imprinted (20) and is implicated in sporadic cancers and Beckwith-Wiedemann syndrome, a familial disorder characterized by an increased risk of childhood cancer (21) . Baculovirus-produced CDKN1C interacted tightly in IP: westerns with Cyclin A-CDK2, cyclin E-CDK3, and cyclin D2-CDK4, whereas its interaction with cyclin D2-CDK6 was modest and its interaction with cyclin H-CDK7 was not detected (14) . Subsequent work has shown that bacterially-produced CDKN1C can inhibit the kinase activity of baculovirus-produced Cyclin H-CDK7 toward a cyclin A-CDK2 substrate (22) . Whether CDKN1C can inhibit CDK7 and CDK9 activities toward the Pol II CTD is not clear.
We recently demonstrated that E2F1 activates transcription of two members of the CDKN1 family CDKN1B (23) and CDKN1C (24) . Activation of these negative cell cycle regulators appears to represent a negative feedback loop that limits excessive E2F1 activity that would otherwise drive unwanted apoptosis. During the discovery of these negative feedback pathways we happened upon the discovery of several novel interactions. Specifically, we find that CDKN1C binds directly to E2F1 and that this CDKN1C/E2F complex negatively regulates transcription by inhibiting the phosphorylation of the RNA Pol CTD. This discovery represents a novel activity for CDKN1C that may be important in its role as a tumor suppressor.
EXPERIMENTAL PROCEDURES
Mammalian cell lines and expression vectors --HeLa and MDA-MB-231cells were grown in Dulbecco's Modified Eagle's Media (DMEM) with 10% fetal bovine serum. H1299 cells were cultured in DMEM supplemented with 5% fetal bovine serum. All drug treatments were performed as previously described (24, 25) . pCMV6-XL5-CDK7 and pCMV6-XL5-CDK9 were purchased (OriGene Technologies, cats#: TC119024 and TC119344, respectively). Flag-tagged forms of CDK7 and CDK9 were obtained using the polymerase chain reaction (PCR) to amplify the cDNA from the purchased expression vectors. EcoR I and EcoR V sites were added to forward and reverse primers, respectively, to facilitate subcloning. PCR products were ligated into the p3xFLAG-myc-CMV-26 expression vector (E6401, Sigma). The primers used were; CDK7f, 5 '-CGC GAA TTC  AGC TCT GGA CGT GAA GTC TCG  G-3"; CDK7r, 5'-CCG ATA TCA GAA  AAA TTA GTT TCT TGG GCA A-3';  CDK9f, 5'-CGC GAA TTC AGC AAA  GCA GTA CGA CTC GGT G-3';  CDK9r, 5'-CCG ATA TCA TGA AGA  CGC GCT CAA ACT CCG T-3'. The novel expression vector pcDNA3-HA-E2F1-103-284 was generated by PCR using primers: 5' -CGCGGGATCCCATATGGCCGAGA GCAGTGGGC -3' and 5' -CGCGGAATTCTCAGATCTGAAAGT TCTCCGAAGA -3'. The product of this reaction was cleaved with Bam HI and Eco RI and cloned into those sites of pcDNA3-HA to form pcDNA3-HA-103-284. Previously described mammalian expression plasmids include: pcDNAFlag-CDKN1C (24), pGL2-E2F1 (26) and pcDNA3-HA-E2F1 (27) . Transient transfections for protein expression utilized the calcium phosphate method, H1299 cells growing in p100 plates and 10 µg of each CMV expression vector (or empty control to a total of 20 µg). Transfected cells were collected 48 hr post transfection and were processed for westerns and immunoprecipitation assays as described below.
A shRNAi vector targeting CDKN1C (TRCN0000039678) was obtained from Open Biosystems and was used as previously described (24) . Pools of CDKN1C-deficient cells were created by transecting the CDKN1C shRNAi vector into HeLa cells with subsequent selection for transfected cells using puromycin as previously described (24) .
Adenoviruses --Dr. Matthew Stewart (University of Illinois at UrbanaChampaign) provided Ad-p57 virus expressing mouse cdkn1c (28) . Dr. Haura (Moffitt Cancer Center) provided Ad-GFP, an adenoviral vector expressing the green fluorescent protein (GFP), which was used as a negative control. Ad-CDK7 was purchased from Vector Biolabs (Philadelphia, PA, cat# 1568). Viruses were propagated in 293T cells and titrated with the Adeno-X Rapid Titer Kit (BD Biosciences 631028). Western blots verified viral expression of cdkn1c, CDK7 and absence of E1A expression (to ensure non-recombination).
Bacterially-expressed proteins --GST-CTD (29) , in which the C-terminal heptad repeat domain of RNA Polymerase II is fused to the glutathione-S-transferase affinity tag, was a kind gift from Dr. Arno Greenleaf (Duke University Medical Center). Bacterial expression vectors for GST-Rb 379-928, GST-E2F1-1-147, -1-358, -1-284 and -113-284 have been previously described (30) (31) (32) . GST-vectors for E2F1 192-437 and 300-437 are novel constructs generated from previously described mammalian expression vectors (33) . The E2F expression vectors were cut with Bam HI and PME I (blunt) to excise the insert. The pGEX2T vector was prepared by cutting with Eco RI, which was then filled in with DNA Polymerase I (Klenow fragment) to generate a blunt end, and cut with Bam HI. Recombinant GST-fusion proteins were expressed in BL21 Gold bacterial cells. Protein expression was induced with 0.2 mM isopropyl-1-thio-D-galactopyranoside. Cells were pelleted and resuspended in STE buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 1 mM EDTA) supplemented with final concentrations of 5 mM dithiothreitol and 1.5% Nlauryl sarcosine. The mixture was sonicated 3 times for 10 s each, mixed with 3% Triton X-100, and then cleared by centrifugation at 13,000 × g for 10m (for GST proteins the pellet was discarded). The CDKN1C protein was expressed in bacteria using a novel vector (pET-CDKN1C) created by cutting pCMVCDKN1C (TC127869, Origene Technologies) with Sac I and Hin dIII, and cloning into pET23b. Bacterially expressed CDKN1C was prepared as described for GST proteins, however, CDKN1C was primarily found in inclusion bodies (the pellet of the 13 krpm spin), and thus, CDKN1C was solubilized in 8 M urea (also containing 50 mM Tris [ph=8], 100 mM NaCl, 10 mM dithiothreitol, and 1 mM EDTA) prior to use in immunoprecipitation reactions. Twenty µgs of crude bacterial lysates were used in immunoprecipitation reactions without purification as described below.
Immunoprecipitation (IP) and pull-down assays --Mammalian cells were washed twice in phosphate-buffered saline and resuspended in lysis buffer containing 50 mM Tris-HCl, pH 8.0, 250 mM NaCl, 5 mM EDTA, and 2% Nonidet P-40, supplemented with protease inhibitors (5 µg/ml each antipain, aprotinin, leupeptin, and soybean trypsin inhibitor and 0.5 µg/ml pepstatin) and 0.5 mM PMSF. Protein concentrations were determined by the Bradford assay (BioRad). For each IP, 50 µl of protein A/G plus-Agarose beads (Santa Cruz, sc-2003) were incubated with 1 µg of the CDKN1C polyclonal antibody (Santa Cruz, sc-1040) or 1 µg of rabbit IgG (Santa Cruz, sc-2027) for 2 hrs at 4 °C. Beads were washed 3 times with the same protein lysis buffer, incubated with 800 µg of protein extract for 2 hrs at 4 °C, and washed again. Proteins bound to the beads were dissolved in loading buffer, boiled and subjected to SDS-PAGE followed by Western blotting. IP and GST-bead (G4510, Sigma) pulldown reactions on bacterially-expressed proteins were carried out using 20 µg of crude bacterial lysates that were prepared as described above.
In Vitro Kinase Assay --Cell extracts were prepared from H1299 cells which had been infected by Ad-p57 or not by resuspending cells in modified TGN buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1% Tween 20, 0.3% Nonidet P-40, 1 mM sodium fluoride, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and 1×protease inhibitor mixture from Roche Molecular Biochemicals). Cleared supernatants were immunoprecipitated with anti-CDK7 antibody (BD pharmingen) and protein A/G-agarose, the beads were washed with TGN buffer followed by TGN buffer plus 0.5 M LiCl, and two washes with kinase buffer (20 mM HEPES, pH7.5, 50 mM NaCl, 10 mM MgCl 2, and 1 mM dithiothreitol). Finally, the immunoprecipitate was resuspended in 50 µl of kinase buffer containing 5 mM ATP and 1µg purified GST-CTD substrate. The kinase reaction was conducted at 30ºC for 20 min and stopped by addition of SDS-PAGE loading buffer. Proteins were separated on SDS-PAGE and transferred to nitrocellulose. The phosphorylation of GST-CTD was determined by RNA pol II phosphorylation specific antibodies. Immunoprecipitated CDK7 was confirmed by western blotting with anti-CDK7 monoclonal antibody.
Western Blotting --Western blots were performed as previously described (1, 25, 27) . Briefly, cell lysates were normalized for total protein content (50 µg) and subjected to SDS-PAGE. Detection of proteins was accomplished using horseradish-peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (ECL) purchased from Amersham. Various antibodies used included: a rabbit polyclonal antibody to GST (a kind gift from Dr. Jia Fang, Moffitt Cancer Center), a cyclin A rabbit polyclonal (provided by Dr. Jack Pledger, Moffitt Cancer Center), an E2F1 monoclonal antibody KH20 that recognizes the E2F1 N-terminus (sc-56662, Santa Cruz), an E2F1 monoclonal antibody KH95 that recognizes the E2F1 C-terminus (sc-251, Santa Cruz), a human CDKN1C polyclonal antibody (sc-1040, Santa Cruz), a mouse CDKN1C polyclonal antibody (sc-8298, Santa Cruz), an RB monoclonal antibody (OP28, Calbiochem) and an actin monoclonal antibody (A5441, Sigma). A monoclonal antibody recognizing the RNA Polymerase II large subunit regardless of modification was supplied by Covance Research Products (8WG16). Bethyl laboratories provided antibodies against RNA Pol II phosphorylated at Ser 2 (A300-654A-1) and Ser 5 (A300-655A-1).
RNAse Protection Assays (RPA)-RNA protection assays were performed using the Riboquant a multi-probe template from PharMingen (now discontinued) as previously described (24) .
Chromatin immunoprecipitation (ChIP) assay -ChIP assays were performed as previously described (34) with minor adaptations. After viral infection, cells were crosslinked with 1% formaldehyde for 10 min at ambient temperature. The reaction was stopped by adding glycine to a final concentration of 0.125 M. Cells were washed twice with cold PBS, scraped and lysed for 5 min on ice in cold lysis buffer (10 mM Tris-HCl, pH 8.1, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton-X100, 0.5% NP-40, protease and phosphatase inhibitors) at a density of 4x10 6 cells/mL. The nuclei were washed for 10 min in cold salt wash buffer (10 mM Tris-HCl pH 8.1, 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl and protease and phosphatase inhibitors) and resuspended subsequently in 600 µL sonication buffer (10 mM Tris-HCl pH 8.1, 1 mM EDTA, 0.5 mM EGTA, 1% SDS and protease and phosphatase inhibitors). The chromatin was sheared using a Biorupter XL waterbath sonicator to lengths ranging from 200-1000 bp. After preclearing the sheared chromatin with preblocked protein A/G beads, equal amounts of chromatin were immunoprecipitated overnight at 4ºC with antibodies in a buffer containing 0.15% SDS and 0.22% Triton-X100. The immunoprecipitated chromatin was collected on protein A/G beads. From the nonbound material of the rabbit IgG immune precipitation 10 % was collected as input sample. The beadbound chromatin was washed for 5 min each sequentially in low salt buffer (0.1% SDS, 1% Trition-X100, 2 mM EDTA, 20 mM Tris-HCl pH8.1, 150 mM NaCl), high salt buffer (0.1% SDS, 1% Trition-X100, 2 mM EDTA, 20 mM Tris-HCl pH8.1, 500 mM NaCl), LiCl 250 buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1) and twice with TE10:1 (10 mM Tris-HCl pH8.1, 1 mM EDTA). DNA was eluted twice with TE 10:1 elution buffer containing 1% SDS, vortexing the samples 1min, followed by incubation at 65º C for 15 min and ambient temperature for 5 min. The two elution fractions for each sample were collected from the beads and pooled. Crosslinking was reversed by adding 20 µL 5M NaCl and incubating the samples 4 hrs at 65º C. To purify the DNA, samples were treated with DNAse free RNAse (30 minutes, 37º C), followed by proteinase K treatment (1 hr 45ºC in TE40:10). The DNA was then purified using Qiagen PCR Purification Kit. The manufacturers protocol was altered by leaving the PE wash on the column for 5 minutes before spinning and the 50 µL elution buffer for 2 min. Of each sample, except input, 3 µL was used for real time PCR. For the input sample 3 µL of a 1: 10 dilution was used.
Antibodies used for immunoprecipitation were RNA Polymerase II 8WG16 monoclonal antibody (Covance, MMS-126R), Phospho RNA Polymerase II Ser 2 (Bethyl laboratories inc, A300-654A-1), Phospho RNA Polymerase II Ser 5 (Bethyl laboratories inc, A300-655A-1) and normal Rabbit IgG polyclonal antibody (Millipore, 12-370). Real time PCR was performed using the Bio-Rad iQ SYBR Green Supermix on a MyiQ Single Color Real-Time PCR Detection System. The following primers were used: E2F3 forward 5'-gacttggaaactccgactgc-3' , E2F3 reverse 5'-catctctcgctcctgctct-3't , Cylin A2 forward 5'-cagccttcggacagcctcgc-3' , Cyclin A2 reverse 5'-caaactggctggggcgggag-3' . Human myoglobin intron primer mix was obtained from Diagenode (cat # pp-1006-500).
RESULTS
Expression of CDKN1C leads to a decrease in the phosphorylation state of the RNA Polymerase II C-terminal domain. We previously demonstrated that CDKN1C could inhibit E2F1-driven transcription in a feedback loop (24) . In order to better understand the mechanism of CDKN1C feedback we examined the effects of adenovirusmediated CDKN1C expression on the protein and mRNA levels of various E2F-regulated genes (not shown). Surprisingly, we observed dramatic reductions in the total phosphorylation state of the RNA Polymerase II Cterminal (CTD) repeat domain following CDKN1C expression. Fig 1 highlights these results in NCI-H1299 (lung) and MDA-MB-231 (breast) cancer cells. In each case CDKN1C expression leads to a dramatic decrease in the expression of the E2F-regulated transcripts, E2F1 and cyclin A, at both the protein and mRNA levels. More examples of CDKN1C-mediated down regulation of E2F-regulated transcripts can be seen in previously published work (24) . CDKN1C expression also resulted in a significant to moderate decreases in the phosphorylation state of both Ser 2 and Ser 5 of the CTD. There was little change in the expression of total RNA Pol II or actin in response to CDKN1C expression in either cell line.
To determine if the observed effect of CDKN1C expression on CTD phosphorylation was an artifact of overexpression, we turned to a welldescribed model in which endogenous CDKN1C is induced by dexamethasone treatment of HeLa cells (35) . Fig 1C demonstrates that overnight treatment of HeLa cells with dexamethasone results in a dramatic upregulation of CDKN1C, due to the presence of a glucocorticoid response element in its promoter (35) , with sustained CDKN1C expression for 48 hrs. By 48 hrs CTD-Ser 2 phosphorylation has significantly decreased, supporting the model that CDKN1C can regulate CTD phosphorylation. To determine if the decreased CTD-Ser 2 phosphorylation was dependent upon the upregulation of CDKN1C, HeLa cells were transfected with a shRNAi expression vector targeting CDKN1C (p57 RNAi) and transfected clones selected by exposure to puromycin. As expected, pools of puromycin-resistant cells reveal that the RNAi significantly reduced the level of dexamethasone-induced CDKN1C and attenuated the downregulation of Ser 2 phosphorylation in response to treatment. Observing this activity in HeLa cells, which lacks functional Rb family members due to expression of the E7 viral oncoprotein, also suggests that this CDKN1C activity is not dependent upon its well-know ability to regulate Rb phosphorylation.
CDKN1C interacts with RNA Pol II and its CTD kinases. The primary kinases thought to be responsible for the phosphorylation of the Pol II CTD are CDK 7 and CDK9 (2, 15) . Previous work has specifically demonstrated that CDKN1C can coimmunoprecipitate cyclins D1, E and A as well as CDK2 and CDK4 (13) . To determine if CDKs 7 and 9 might also associate with CDKN1C plasmids expressing flagtagged CDK 7, flag-tagged CDK9 and/or CDKN1C were co-transfected into H1299 cells and extracts subjected to IP:Western. Fig 2A reveals that both CDK7 and CDK9 are efficiently coimmunoprecipitated with CDKN1C antibody. The fact that the CDK9 band is much stronger in CDKN1C IPs than the CDK7 band may be explained by its higher expression level revealed by the western blots at the bottom of the figure, and not necessarily by higher affinity. Identical results were obtained when flag antibodies were used to co-IP CDKN1C (see middle panels of Fig 2A) .
Additional IP:Westerns were performed to verify that endogenous CDKN1C interacts with endogenous CTD kinases. Previous work has shown an interaction between the E2F1 activation domain and CDK7 (36) . Fig 2B reveals While CDKN1C has been shown to inhibit the activity of CDK7 toward a cyclin A-CDK2 substrate in vitro (22) , it is not clear if CDKN1C can biochemically block the activity of CDKs toward the CTD. To test this, active CDKs were immuno-precipitated from either H1299 cells or H1299 cells over-expressing CDKN1C and subjected to in vitro kinase assays using a bacterially-produced GST-RNA Pol II CTD fusion protein (29) as substrate. Phosphorylation of GST-CTD was detected by western blot using the appropriate anti-phospho-Ser antibodies. Fig 3 A and B demonstrate that immunopurified CDKs 7 and 9 both efficiently phosphorylate GST-CTD when purified from control H1299 cells, but this activity was significantly reduced in extracts of cells over expressing CDKN1C. A rescue experiment, shown in Fig 3C, was performed as an additional test to demonstrate that CDKN1C functionally inhibits cdk7's activity toward RNA Pol II. H1299 cells were infected with Adp57 to express cdkn1c, with a CDK7-expressing adenovirus, with a control virus or combinations. Results reveal that cdkn1c expression blocks CTD phosphorylation at both Ser 2 and Ser 5 in H1299, as expected. Although overexpression of CDK7 did not affect the baseline level of CTD phosphorylation; its overexpression restored CTD phosphorylation in the presence of exogenous cdkn1c. These results support the hypothesis that CDKN1C can block the ability of cyclin dependent kinases to phosphorylate the RNA Pol II CTD.
CDKN1C associates with E2F-regulated promoters. The CDKN1C relative CDKN1A has been shown to associate with E2F-1 on the Wnt4 promoter curtailing Wnt4 transcription (37) . To determine if CDKN1C might have a similar activity a chromatin immunoprecipitation assay (ChIP) was employed. Quantitative ChIP assays were performed using E2F1 and CDKN1C antibodies on the E2F1, E2F3 and cyclin A promoters. Control antibodies in these experiments included rabbit IgG, as a negative control, and an antibody against acetylated histone H3, as a positive control (not shown). ChIP signal for each promoter was normalized to the total input DNA. Fig 4A reveals that both the E2F1 and CDKN1C antibodies pull down significantly more of each promoter than does the control antibody. Furthermore, E2F and CDKN1C antibodies did not immunoprecipate the second intron of the myoglobin gene locus, which served as a negative control (not shown).
Antibodies against the various phosphorylated isoforms of RNA Pol II were used in ChIP assays to determine whether association of CDKN1C would affect the phosphorylation state of the RNA Pol II associated with the E2F3 promoter . Fig 4 B reveals that infection of H1299 cells with Ad-p57 dramatically reduces the phosphorylation state of RNA Pol II associated with the E2F3 promoter. CDKN1C expression does not affect the total amount of RNA Pol II associated with the promoter. While this result may have been predicted, based on the effect of CDKN1C expression on total RNA Pol II phosphorylation as observed in westerns, it is important to establish that promoter DNA-associated Pol II is subject to CDKN1C regulation.
E2F1 is required for CDKN1C to block the phosphorylation of RNA Pol II. We next utilized a well characterized E2F1-deficient H1299 cell line to determine if CDKN1C's activity toward RNA Pol II was dependent on E2F1 (1). In this experiment, shown in Fig 5A, control H1299 cells (stably harboring a non-targeted shRNA vector) or a previously characterized (1) E2F1-deficient H1299 (expressing an E2F1 shRNAi) were infected with various doses of Ad-p57. In the control cells increasing the dose of virus increased the amount of CDKN1C expressed and decreased the phosphorylation state of RNA Pol II CTD-Ser 2. In contrast, CDKN1C expression did not decrease the Pol II phosphorylation in the E2F1-deficient cells. This result indicates that E2F1 may be required to bring CDKN1C to DNA and thereby to RNA Pol II and its kinases. The apparent decrease in basal RNA Pol II phosphorylation in the E2F1-deficient cells (time 0) was not reproducible. E2F1 and CDKN1C form stable complexes. Several cell cycle regulatory proteins, such as 14-3-3 tau (38), MDM2 (39, 40) and ARF (41) (42) (43) are known to bind E2F1 directly. In fact, a direct interaction between E2F1 and CDKN1C relative, CDKN1A or p21, has been proposed (37) . To determine if CDKN1C and E2F1 might interact we examined HeLa cells and MDA-MB-231 cells using IP-westerns. To increase the sensitivity of the assay the HeLa cells were treated with 100 nM dexamethasone to increase endogenous CDKN1C levels (35) and 231 cells were treated with SNS-032 (formerly BMS-387032) (44) . SNS-032 is a small molecule inhibitor that has been shown to dramatically upregulate E2F1 and CDKN1C expression in 231 cells (24) . Multiple E2F1 regions contribute to the interaction with CDKN1C. We investigated the CDKN1C/E2F1 interaction using a panel of E2F1 derivatives to map the interacting domains. For in vivo studies a CDKN1C expression vector was transfected into H1299 cells together with wildtype E2F1, one of the E2F1 derivatives highlighted in Supplementary Fig 1 or with an empty vector. The co-expressed proteins were then immunoprecipitated with CDKN1C antibody and IP pellets Western blotted to detect the various E2F1 derivatives (different E2F antibodies were used depending on the epitopes missing in the constructs, see Supplementary Fig 1). Fig. 7A and 300-473 that lack the central region, but contain the C-terminal Rbinteraction domain, can also interact with CDKN1C; however this interaction is dependent upon the presence of added Rb protein (see Fig 8C and D) suggesting a trimolecular complex in which Rb bridges and interaction between the E2F C-terminal region and CDKN1C.
DISCUSSION
The work described in this manuscript identifies a novel mechanism by which the tumor suppressor CDKN1C regulates transcription (shown in Fig 9) . The most novel component of this model is that CDKN1C contributes to transcriptional repression by blocking the activity of cyclin-dependent kinases toward RNA Pol II. Three lines of evidence support this conclusion. First, CDKN1C overexpression blocks CTD phosphorylation in multiple cell lines (Fig 1) . This activity is not exclusive to exogenous CDKN1C since blocking the expression of CDKN1C with RNAi prevents the notable decrease in the Pol II CTD phosphorylation that occurs in dexamethasone treated HeLa cells (Fig  1) . Since HeLa cells express the E7 oncogene it is also safe to conclude that the activity of CDKN1C in HeLa cells is not an indirect consequence of regulating Rb phosphorylation. In addition Fig 2 provides biochemical evidence that this activity is direct since CDKN1C can block the activity of CDKs toward a GST-CTD substrate in vitro. Second, stable associations between CDKN1C and CDK7, CDK9, and RNA Pol II are observable in IP: Western experiments (Fig 3) . Finally, CDN1C is shown to associate with three well-characterized E2F-regulated promoters by ChIP assay and the association of CDKN1C results in a decrease in phosphorylated RNA Pol II at the E2F3 promoter (Fig 4) .
The ability of CDKN1C to block CTD phosphorylation is dependent upon E2F1 suggesting that E2F1 recruits CDKN1C to DNA as shown in the model in Fig 9. However, it is formally possible that E2F1 serves as a scaffold that brings various proteins together independent of its DNA interaction. This activity appears to be E2F1 specific since it is lost in E2F1-deficient cells (Fig 5) and we are unable to detect a physical interaction between CDKN1C and other E2Fs (data not shown) under conditions where the CDKN1C/E2F1 interactions are easily detected (Figs 6 and 7) . Rb contributes to the stability of this complex by bridging an interaction between the E2F1 C-terminus and CDKN1C, but there is a direct physical interaction between E2F1 and Rb mediated by central E2F1 domain that will be better defined in future work. This interaction would occur even in Rbdeficient cell possibly providing a backup mechanism by which CDKN1C can restrain the G1 transition even in the absence of Rb (such as in HeLa cells). This unexpected E2F1 activity may contribute to its tumor suppressor activity in certain contexts (5, 45, 46) . The physical interaction between CDKN1C and E2F1 was unexpected; however, careful examination of the literature suggests that it is not unprecedented among the CDKN1 family. An Rb-independent mechanism of E2F feedback has been proposed for CDKN1A (47) . It was shown as early as 1996 that CDKN1A could inhibit an E2F-driven promoter and that it could be found stably associated with E2F complexes, which at the time was presumed to involve a complex including E2F/Rb/cyclin/CDK2 with the association with E2F mediated by the cyclin/CDK2 bridge (48) . It has been shown that GST-CDKN1A can bind to E2F1 and DP1, and that CDKN1A can inhibit transcription of a Gal4-E2F fusion in reporter assays in vivo and in a general transcription assay in vitro (47) . A recent study has used chromatin immunoprecipitation assays to demonstrate that CDKN1A is associated with the Wnt4 promoter (37) . We find that the association of E2F1 with CDKN1C is much easier to detect than its association with either CDKN1A or B, but have not fully investigated the relative importance of the various E2F1 CDKN1 family interactions.
In this model we speculate that growthregulated promoters are driven, in part, by DNA bound transcription factors (TFs) that recruit kinases that phosphorylate the CTD. Although TFmediated recruitment is not an essential component of this model, there are many likely candidates to mediate this hypothetical recruitment. For example, CDK9 has been shown to associate directly or indirectly with B-Myb (49), RB (50), RelA (51), AR (52), and CMyc (53). In addition, CDK7 has been shown to associate with the AR (52), p53 (54, 55) , and E2F1 itself (36) . Of all these candidates C-Myc is likely the most relevant since C-myc and E2F are known to co-regulate promoters (56) and the ability of C-Myc to recruit CDK9 (TEF) for the purpose of transcriptional activation is established (57, 58) . Future work to examine specific examples of E2F-regulated promoters will establish more details of this element of the model.
The biological context of this novel biochemical mechanism is not yet fully understood. Certainly this mechanism provides a backup system to provide for cell growth control in situations where the tumor suppressor Rb is inactivated (such as in HeLa cells which were extensively studied in this paper). Significant genetic evidence suggests that inactivation of Rb alone is insufficient to drive tumorigenesis in most tissues (reviewed in reference (59)). These observations support the idea that additional failsafe cell cycle control mechanisms must be in place in most tissues. It is also noteworthy that CDKN1C is extremely responsive to treatment with glucocorticoids (see above as well as (35,60) (28) . Cells were harvested at the indicated times post-infection and were subjected to western blotting or RNAse protection assays using the indicated antibodies or RPA probes, as indicated (described in the Methods). The viral multiplicity of infection (MOI) was 200 to 1. Ad-GFP was used as a negative control and had no effect (not shown). C. HeLa cells (first four lanes) were treated with 100 nM dexamethasone and extracts prepared and subjected to western blotting at the indicated times after treatment. In the second four lanes HeLa cells were transfected with a shRNAi vector targeting CDKN1C and subjected to selection and propagation in puromycin prior to treatment with dexamethasone. Similar results were obtained in multiple experiments. A. CDK9 was immuno-purified from extracts of control H1299 cells or H1299 cells infected with Ad-p57 and subjected to kinase assays using bacteriallyproduced GST-CTD as substrate. A single "+" sign indicates that 250 µgs of cell extract was used for IP, whereas "++" indicates 500 µgs were used. Following 30 min incubations, reactions were subjected to SDS-PAGE and western blotting using the indicated antibodies. The western signal using phospho-serine specific antibodies indicated the relative level of kinase activity toward CTD. B. CDK7 was immunoprecipitated from 30 µgs of cell extract and the kinase reaction carried out for 20 minutes C. H1299 cells were infected for 48 hrs with the indicated combination of viral vectors to express cdkn1c (p57) or CDK7. Overexpression of CDK7 rescues CTD-ser2 phosphorylation in the presence of excess cdkn1c. A similar viral vector for CDK9 was not available. Results were normalized to % total recovery from the input chromatin. B. Quantitative ChIP assays on the E2F3 promoter were performed using antibodies against various RNA Pol II phospho-isoforms. Additionally, in this experiment results were normalized to relative occupancy over the occupancy of the myoglobin B intron. westerns in which either non-specific IgG or CDKN1C specific rabbit polyclonal were used, as indicated. Three different antibodies were used to detect E2Fs. KH95 recognizes the E2F C-terminus and was used in panel A. KH20 recognizes the E2F N-terminus and was used in panel B. An HA epitope antibody was used to detect E2F1 103-283 in panel C. Figure 8 . The CDKN1C/E2F1 interaction is direct. A. Crude lysates containing bacterially-expressed GST-E2F1 fusions or CDKN1C (indicated with a "+" if present) were mixed and binding allowed to occur in IP buffer. Protein mixtures were IPed by CDKN1C antibody (Anti-CDKN1C) or a negative control (Rabbit IgG) antibody. GST-E2F1 fusions were detected in immunoprecipitates by western blotting with a rabbit GST antibody and CDKN1C was detected using a CDKN1C antibody. B. Similar to A except that GST-beads were used to pull down the various GST-E2F1/CDKN1C complexes. The last lane represents the crude CDKN1C lysate and highlights an unknown protein present in some crude extracts that cross reacts with our GST antibody. GST served as a negative control and does not pull down detectable CDKN1C. C. Similar to A, except that purified GST (as a negative control) or GST-Rb was included in the binding reaction to determine if Rb would affect the interaction. Appropriate monoclonal antibodies to E2F1 were used. D. Similar to C, except E2F1 is not present and the immunoprecipitation is carried out using control or CDKN1C antibody. HC stands for the immunoglobulin heavy chain. 
